TFIID: TBP and Its Associates TBP is involved in transcription by all three RNA polyCold Spring Harbor Laboratory 1 Bungtown Road merases and acquires RNA polymerase specificity through association with different sets of TAFs (see HerCold Spring Harbor, New York 11724 nandez, 1993). TFIID is the TBP/TAF complex involved in transcription by RNA polymerase II; these RNA polymerase II-specific TAFs are designated TAF II followed Transcription is a key step in the regulation of gene expression. Activation of transcription requires that RNA by their apparent molecular weight in kilodaltons. Figure  1 lists the TFIID components, TBP and TAFs, from S. polymerase both receive regulatory signals from promoter-specific activators and initiate transcription at the cerevisiae, Drosophila, and humans. Drosophila TFIID has been entirely reconstituted from correct locations in the genome, the promoters. In prokaryotes, these tasks can be accomplished through the recombinant proteins: TBP and eight TAFs with approximate sizes ranging from 30 to 250 kDa (Chen et al., action of , a factor that associates with the core RNA polymerase, directs it to promoters, and serves as a 1994). Human TFIID contains homologs of seven of the eight Drosophila TAFs (dTAFs); a human homolog of target for regulatory factors. In eukaryotes, each of the three different RNA polymerases-I, II, and III-relies on dTAF II 150, the missing TAF in human TFIID, may be a component of the initiator-element factor CIF (Kaufdistinct sets of general factors to perform these functions. One of the general factors utilized by RNA polymann et al., 1996). In yeast, TFIID lacks an evident homolog of dTAF II 110/hTAF II 130 and of the related human cellmerase II that shares many of the properties of is TFIID, a protein complex consisting of the TATA box-binding type-specific TAF, hTAF II 105 (Dikstein et al., 1996a) . protein TBP and TBP-associated factors called TAFs.
. TFIID genes encoding the major S. cerevisiae, Drosophila, and
The components of TFIID represent a phylogenetically conserved human TAFs have been cloned and dissection of TAF group of proteins: TBP and TAFIIs. Where a particular TAF has been function has revealed an eclectic, and often surprising, assigned different molecular weights, all molecular weights are assortment of biological activities, suggesting varied listed, beginning with designations given by the laboratories of Tjian functions in transcriptional regulation. Here we review (for Drosophila), Roeder (for human), or Weil (for yeast) (see Burley and Roeder, 1996) . The gray bars link homologous TAFs from differthe evidence which shows that TAFs are not simply ent species. dTAFII30␣/28 and dTAFII22, and their human homologs, fellow travelers; their association with TBP creates a arise via alternative splicing. Human TAFII105 (checkered) is B-cell highly versatile protein complex that may, like , link specific (Dikstein et al., 1996a) . The figure was compiled from data promoters, transcriptional regulators, and RNA polyreferenced in Burley and Roeder, 1996, and Moqtaderi et al., 1996b, merase.
and contained in the GenBank and YPD databases. core histone proteins H2B, H3, and H4, respectively (see Burley and Roeder, 1996) . This similarity raises the possibility that these TAFs bind DNA in a fashion similar to their core histone counterparts and may thus regulate promoter topology, as illustrated in Figure 2B .
Changes in promoter topology could facilitate transcriptional regulation in many ways (see Burley and Roeder, 1996; Roeder, 1996) : (i) wrapping of DNA may permit multiple contacts by TFIID with core promoter elements; (ii) transcriptional activators may induce changes in basal-factor contacts that are facilitated by changes in promoter topology; and (iii) wrapping of DNA by TFIID could mimic a nucleosome. This mimicry could influence many aspects of transcription. For example, during the cell cycle, transcription is shut off at mitosis when the chromosomes are condensed, and is subse- 1996). As hypothesized (Segil et al., 1996) , perhaps the (A) TBP (red) and TAFs (orange) together can recognize multiple nucleosome-like structure of TFIID permits its incorpopromoter elements; the placement of a TAF directly over the initiator is arbitrary. ration into condensed chromosomes, thereby marking (B) TFIID may wrap promoter DNA sequences.
promoter DNA for reactivation after mitosis. TAF Activities: Catalysis TFIID not only has intricate interactions with promoter The precise stoichiometry and arrangement of TBP DNA, but also is an enzyme. As illustrated in Figure 3 , and the TAFs in TFIID is unknown. The largest Drosoph-TFIID possesses two known catalytic activities, histone ila TAF, dTAFII250, is critical in the assembly of TFIID acetylation ( Figure 3A ) and basal-factor phosphorylation (Chen et al., 1994) and is an important anchor for TBP ( Figure 3B ). in the TFIID complex. TBP, however, can also interact Histone Acetylation. Histone acetylation appears to be directly with many other TAFs. These interactions, toan important step in the conversion of inactive chromagether with the multitude of TAF-TAF interactions altin into a transcriptionally active form, apparently beready described, suggest that TFIID is a highly netcause acetylation of lysine residues in histones weakens worked protein complex (see Burley and Roeder, 1996) .
histone-DNA interactions, permitting the DNA access TAF Activities: Promoter Recognition to activators and general factors. Several transcription Like in prokaryotes, TFIID is involved in promoter recfactors have been shown to possess histone acetylognition. In prokaryotic promoters, recognizes two transferase (HAT) activity, including TAF II 250 (Mizzen et promoter elements: the Ϫ10 and the Ϫ35 sequence al. , 1996) . The HAT activity of TAF II 250 has been conmotifs. In eukaryotic promoters, TFIID also recognizes served in yeast, Drosophila, and humans, implicating multiple core promoter elements (see Roeder, 1996) , TFIID as an important player in controlling access of including the TATA box and downstream elements, as nucleosome-bound promoter sequences to the basal illustrated in Figure 2A . Different components of TFIID machinery in vivo. For example, after mitosis, the HAT contact these different core promoter elements: recogactivity of TAFII250 in the TFIID that is incorporated into nition of the TATA box is mediated by TBP, whereas the condensed chromosomes (Segil et al., 1996) could recognition of other core elements is dependent on the selectively decondense the promoter DNA by acetylataction of the TAFs-in Figure 2A , a TAF is shown coning neighboring nucleosomes-essentially "gnawing" tacting the initiator (INR), but the precise sequence recthe promoter out of the condensed chromatin. The proognition properties of TAFs have yet to be defined. The moters would then gain rapid access to other transcripdifferent sequence-recognition properties of TBP and tion factors for reactivation of transcription. TAFs allow TFIID to recognize different promoter eleBasal-Factor Phosphorylation. In addition to being a ments, either individually or in combination, thus permithistone acetyltransferase, TAF II 250 is a bipartite protein ting activation of a more diverse array of promoters kinase (Dikstein et al., 1996b ; Figure 3B ), which can (Roeder, 1996) . The multiple promoter recognition propphosphorylate itself and the basal factor TFIIF (and to erties of TFIID may be especially important in organisms a lesser extent TFIIA and TFIIE). TFIIF is an interesting with complex genomes, in which a large array of promottarget for phosphorylation, because it is intimately assoers must be regulated. ciated with RNA polymerase, and is involved both in TAF Activities: Promoter Topology recruiting RNA polymerase to the promoter complex Early DNase I protection studies of TFIID binding to the and in modulating its elongation properties. Perhaps adenovirus major late promoter revealed a pattern of phosphorylation of TFIIF by TFIID influences activatorinteractions suggesting a TFIID-induced alteration in dependent recruitment of RNA polymerase II into propromoter topology. Consistent with this hypothesis, moter complexes or affects the initiation/elongation dTAF II 30␣, dTAF II 40, and dTAF II 60, and their human hoproperties of the polymerase. Whichever its role, the TAF II 250 kinase may have functions specific to more mologs, are related in sequence and structure to the complex organisms because it is one of the few activities TAF Association with TBP Creates a Highly Versatile Multiprotein Complex of TFIID that is apparently not conserved in yeast.
TAF Activities: Activation Domain Targets
The description of TAF activities to date suggests that TFIID is a highly versatile multiprotein complex that can As in prokaryotes, activators are likely to activate tranfacilitate transcriptional activation by a variety of mechascription by contacting multiple components of the nisms. Why should all these activities be associated basal transcriptional machinery. Many different potenin a single complex? TAF association may (i) serve an tial targets have been identified, including basal factors important biochemical role, ensuring that the TAFs are such as TBP and TFIIB, and cofactors such as PC4 and present together in the correct stoichiometries, arthe mediator (see Triezenberg, 1995) . Pugh and Tjian ranged appropriately, and able to undergo coordinated (see Goodrich and Tjian, 1994) (Chen et al., 1994) . Furthermore, 1) and their varied activities, TAFs are required for viabila recent genetic study in Drosophila has shown that ity in eukaryotes (Apone et al., 1996; Sauer et al., 1996 ; TAFs also possess such activation domain-specific Walker et al., 1996) . In yeast, loss of TAFs leads to function in vivo (Sauer et al., 1996) . growth arrest at specific stages of the cell cycle (Apone Thus, among the many potential activation-domain et al. Walker et al., 1996) , suggesting that TAF targets in the basal machinery, in metazoans at least, function plays a central role in the regulation of genes TFIID may serve as a multiactivation domain receptor involved in cell-cycle progression. complex, as depicted in Figure 4 . This model illustrates Despite their essential nature, however, TAFs are not one way in which TAFs could permit a common basal universally required for transcription. In vitro, although transcriptional machinery (i) to respond to a wide array yeast TAFs can facilitate activated transcription (Reese of activators and (ii) to provide transcriptional synergy et al., 1994), they are not always required (see Triezenamong different activators (see Sauer et al., 1996 Sauer et al., ). berg, 1995 , and, in vivo, transcription from many promoters is unaffected by inactivation of TAF function (Wang and Tjian, 1994; Apone et al., 1996; Moqtaderi et al., 1996a; Walker et al., 1996) . It is not known whether TAF function is dispensable at these promoters because the TAFs are not used or because there are redundant pathways for activation of transcription, which can bypass TAF activity-such redundancy may be expected, given the many potential activator targets and cofactors that have been described (Triezenberg, 1995) .
Although not universally required for transcription, TAF function is important for transcription at some promoters in vivo. In vertebrates, a mutation in hamster TAFII250 (Wang and Tjian, 1994) , or mutations in human yeast, depletion of either of two TAFs, yTAF II 130 and yTAFII19, disrupts transcription at certain promoters to metazoan-specific activators and for cell-type-specific patterns of metazoan-gene transcription. (Moqtaderi et al., 1996a) . Curiously, in contrast to the TAF-independent yeast promoters assayed, the two
The involvement of TAFs in complex patterns of gene transcription begs the question of why TAFs are used TAF-dependent promoters assayed both carried nonconsensus TATA elements (Moqtaderi et al., 1996a) , in yeast, an organism with a genome containing less than 6000 genes-little more than the approximately suggesting that the nature of core promoter elements may establish an in vivo requirement for TAFs in acti-4000 genes found in E. coli, where the analog of TFIID, , is a single polypeptide. In yeast, at least some invated transcription.
Does the General Requirement for TAFs
trons-and hence the splicing machinery-are apparently used for coordinate regulation of ribosome biosynVary with Genome Complexity? An Analogy to Splicing thesis by providing a feedback mechanism involving expression of ribosomal proteins (see Rymond and RosIt is surprising that, in contrast to TBP, the TAFs are dispensable for transcriptional activation at many yeast bash, 1992). Perhaps, in yeast, the TAFs (and TBP) are an associated protein complex that has been conserved promoters. Perhaps, in eukaryotes generally, TAFs are only required for transcription from a minority of promotfor coordinate regulation of gene expression: the finding that TAF depletion in yeast causes cell-cycle arrest sugers. We, however, suggest an alternate hypothesis: that the frequency with which TAFs are required for gene gests that TAFs permit coordinate regulation of genes involved in cell-cycle progression. Thus, just as factors expression varies with genome complexity, much like the use of the splicing machinery. are used to coordinately regulate genes in prokaryotes, the TAFs may also be used to coordinately regulate The basal pre-mRNA splicing machinery is highly conserved in eukaryotes but its overall use in gene expresgenes in eukaryotes. sion varies with species. In humans, most genes have Selected Reading multiple introns and require the splicing machinery to be expressed properly. In S. cerevisiae, less than 5% of
